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Abstract
The finite-element method has been used to study the thermal stress distribution in large-sized sapphire crystals grown with the
sapphire growth technique with micro-pulling and shoulder-expanding at cooled center (SAPMAC) method. A critical defect model has
been established to explain the growth and propagation of cracks during the sapphire growing process. It is demonstrated that the stress 
field depends on the growth rate, the ambient temperature and the crystallizing direction. High stresses always exist near the growth
interfaces, at the shoulder-expanding locations, the tailing locations and the sites where the diameters undergo sharp changes. The 
maximum stresses always occur at the interface of seeds and crystals. Cracks often form in the critical defect region and spread in the 
m-planes and a-planes under applied tensile stresses during crystal growth. The experimental results have verified that with the improved 
system of crystal growth and well-controlled techniques, the large-sized sapphire crystals of high quality can be grown due to absence of 
cracks.
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1 Introduction
*
As a kind of promising materials, sapphire has 
been applied in lots of fields such as LED and SOS 
substrates, windows for infrared transmittance etc. 
For the uses in infrared-transmitting windows or 
domes, sapphire has excellent optical properties 
with a broad transmission range capable of spanning 
the ultraviolet, visible, and infrared. Sapphire also 
possesses required mechanical and physical proper-
ties such as high tensile strength, good abrasion 
resistance, high thermal conductivity and excellent 
resistance to erosion in liquid and solid particles. It 
can work at high temperatures, and can be subjected 
to high stresses induced by rapid heating[1-2].
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Sapphire serves as abrasion-resistant windows 
in bar code scanners and the scratch-proof crystal 
faces in expensive wristwatches. The high crystal 
perfectness, low reactivity and appropriate crystal 
unit parameter make sapphire an excellent substrate 
in the semiconductor industry for blue light-emitting 
diodes and diode lasers[3-4]. The sapphire and silicon 
have a similar thermal expansion coefficient, which 
makes it possible for silicon films to grow on r-
plane sapphire with CVD technique. Of these films 
can be made high speed, anti-radiation SOS micro-
electron circuits[5].
However, the residual thermal stresses in sap-
phire crystal could lead to cracks happening in the 
subsequent processes hindering them to go on. 
Therefore, the way to decrease the thermal stresses 
in a crystal is very important to produce a crystal 
with good mechanical and optical characteristics. It 
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is observed that the radial gradient or the non-linear 
axial temperature distribution cause thermal stresses 
in a crystal which would certainly induce cracks if 
the thermal stresses are not brought under efficient 
control.  
In the present work, the distribution of the 
thermal stresses was evaluated experimentally and 
calculated during the growth of large-sized sap-
phires of more than Ø220 mm by means of the sap-
phire growth technique with micro-pulling and 
shoulder-expanding at cooled center (SAPMAC) 
method. 
2 Experiments 
An Ikal-220 crystal growth equipment with a 
molybdenum crucible and a tungsten heater was 
used. Practically, the heater and heat insulation must 
work in vacuum to reduce the pollution caused by 
oxidization of molybdenum and tungsten. Then a 
rectangle seed crystal with low density of lacunae, 
which, strictly directed to a-axis, was made into a 
trapezoid, was fixed to the bottom of heat exchanger 
by seed clamps. Used as raw material, Al2O3 powder 
or the powder made of cracked sapphire crystal with 
high purity of 5N was pressed into a column with a 
diameter smaller than the inner diameter of crucible. 
Then the column was sintered at a temperature over 
1 873 K for several hours. Cracked sapphire crystal 
must be cleaned with ultrasonic wave in distilled 
water before heated in crucible. 
The whole system was vacuumed to 10–3 Pa. 
Temperature was raised to over 2 323 K and then 
kept for 2-5 h to make sure that all the raw materials 
were melted and all the air removed. When the tem-
perature field became stabilized, the seed was laid 
down till its end touched the liquid surface. The 
seed was then rotated to adjust the cool center to be 
centered in the molten material. The radiator was 
adjusted to accomplish the process of crystal neck-
ing-down and shoulder-extending. The cooling 
process in the stage of iso-diameter and annealing 
was monitored with a precise voltage controller ac-
cording to an established cooling program. 
3 Theoretical Model and Numerical Simu-
lation
In this study, the sapphire crystal grown by the 
SAPMAC method was supposed to be of perfect 
elasticity. The temperature distribution in crystals 
was calculated by solving the steady-state equation 
for radiative and conditions heat transfer in the 
growing process using a model of finite-element 
method described in Ref.[6]. 
The governing differential equation of heat 
transfer in the crystal and melt is 
2
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where K is the thermal conductivity, U the density, 
and c the heat capacity. From the results of the 
opaque crystal studied earlier, the heat transfer is 
considered to be conductive only in the latter situa-
tion.
The model of heat transfer takes account of the 
effects of two-dimensional heat flow in melt (L), 
crucible (C) and crystal (S), latent heat releases 
from the solidification interface and the complicated 
heat transfer between the environment and the crys-
tal. The boundary conditions are the same as those 
in Ref.[6], and the heat transfer from the melt, crys-
tal and crucible to the surroundings (TA) is ex-
pressed by 
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where hcc is the heat transfer coefficient, V the 
Stefan-Boltzmann constant, Hi the corresponding 
emissivity, f the view coefficient, Ni the outward 
pointing normal along the i = S, L, C the surfaces 
and TA the environment temperature (see Fig.1 and 
Table 1). The ambient temperature TA is a function 
of growth time in the growing process. 
Since the sapphire crystal melting temperature 
is very high, about 2 323 K, the difference between 
the temperature in a crystal growth system and that 
of environment is very small, namely |T–TA|<<TA.
So the term of radiation heat transfer can be simpli-
fied for the linearization[7], and thus can be obtained 
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where hrr is the linear radiation heat transfer coeffi-
cient, hrr = 4HfVTA3.
In order to study the stress field, the tensile 
stress can be calculated by means of the elastic 
thermal theory. As for the axial symmetry model, 
the deformation can be evaluated by the following 
equations[8]
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where u and Z are radial and axial displacements 
respectively, 
u u
e
r r z
Zw w  
w w
, Ȟ is the Poisson rate, 
and D the linear thermal expansion coefficient. 
For the axial symmetry model, the strain ana-
lytic solutions can be 
, , ,rr zz zr
u u u
r r z r z
TT
Z ZH H H Jw w w w    
w w w w
   (5) 
According to Hooke’s law, the thermal elastic 
stresses analytic solutions can be expressed by 
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For a rod crystal, the stress state can be de-
scribed with the components Vrr, Vșș, Vzz and Wzr,
which are used in calculation of the “von Mises” 
stress (VvM)
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Dislocations and cracks will generate locally in 
the crystal if the local stress is above the value of 
critical stress specific for each kind of material. 
The size of the crystal is Ø220×240 mm. The 
c-axis and a-axis are assumed to be crystallized di-
rections. The decreasing speed of the ambient tem-
perature is limited to 1.5-3.5 K/h and the growth 
velocity to 1.0-5.0 mm/h. Table 1 lists the ambient 
temperatures TA in the experiments. 
Table 1 Ambient temperatures at the positions specified 
in Fig.1 
System Value 
TA1 /K 2 330-2 130 
TA2 /K 2 380-2 180 
TA3 /K 2 530-2 330 
TA4 /K 2 480-2 280 
Fig.1  Schematic of ambient temperature distribution in 
thermal model. 
The material properties used in the experiments 
are listed in Table 2. 
Table 2 Material properties used[9-11]
Physical characteristics Value 
Melting temperature Tm/K 2 323 
Thermal conductivity of the melt KL/ (W·m
–1
·K
–1
) 5.0 
Thermal conductivity of the solid KS / (W·m
–1
·K
–1
) 5.0 
Specific heat c/(J·kg
–1
·K
–1
) 782 
Density of solid ȡ/(kg·m–3) 3 980 
Plastic modulus /GPa 350 
Shear modulus /GPa 150 
Poisson ratio 0.27 
c-axis 9.4 
Thermal expansion coefficient /(10
–6
K
–1
)
a-axis 8.4 
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4 Results and Discussion 
Fig.2 shows the typical results of the VvM in 
different crystallized directions. From it, should be 
pointed out (1) the larger stress at the surface of the 
crystallization front and (2) frequent occurrence of 
the maximum thermal stresses at the interface of the 
seed and the crystal. Fig.3 shows the distribution of 
VvM along the z-axis in different crystallized direc-
tions. Fig.4 shows the radial distribution of VvM in 
different crystallized directions and different loca-
tions, where l = 0.03 m is the shoulder location, l =
0.13 m the iso-diameter location, and l = 0.23 m the 
tailing location. By comparing the distribution of 
VvM in Fig.2 to that in Fig.3, can be found (1) strong 
dependence of the stress distribution and its value 
on the growth rate, the ambient temperature and the 
crystallized direction; (2) occurrence of high stre- 
sses always near the crystallization interface, at the 
shouldering location, the tailing location and the site 
where the diameter changes sharply; (3) relatively 
small stresses and more even distribution in the 
iso-diameter location. This could be attributed to the 
growth setup and the growth control during crystal 
growth. In general, the crucible made of tungsten 
serves as a heat conductor and the sapphire crystal 
as a heat insulator. The closer the two objects, the 
more radiant heat transfer and the steeper the tem-
perature gradient near the outer surface. Besides, the 
thermal exchanger exerts water-cooling effects on 
heat dissipation. All of the factors stated above 
cause high thermal stresses at the interface of the 
seed and the crystal, at the upper surface of the 
crystallization front and at the shouldering location 
and end up forming a high thermal stress region. As 
shown in Fig.5(a), the experiment has corroborated 
the fact that the crystal cracks appear from the bot-
tom of the seed and spread along the surface of the 
crystallization front. In iso-diameter stage, the wa-
ter-cooling effect weakens rapidly, which leads to 
smaller stresses and more even distribution. 
Fig.6 compares the maximum VvM in different 
crystallized directions and with different growth 
distances. It indicates that the VvM increases up to its  
(a) a-axis crystallized direction 
(b) c-axis crystallized direction 
Fig.2  Temperature and von Mises stress VvM in different 
crystallized directions. 
Fig.3  The axial distribution of von Mises stress in different 
crystallized directions. 
Fig.4  The distribution of von Mises stress along the radial 
with crystallized directions and distances. 
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Fig.5  Sapphire crystal (Ø240 mm, 27 kg). 
Fig.6  Comparison of maximum values of von Mises stress 
in different crystallized directions and growth dis-
tances. 
maximum about 65 MPa when the heat dissipation 
ability of heat exchanger increases up to its maxi-
mum after shoulder extending stages. From the pre-
vious results, it is clear that the stress level is not 
high enough to cause defects in the crystal growth 
process in default of initiation which is conditioned 
by at least 15 GPa (/10,  being the shear modulus 
of the sapphire). As it is known, the occurrence of a 
crack requires a starting defect from which a flaw 
can propagate.  
It is well known that in sapphire and some 
other brittle materials, stretches of the pores they 
contain give rise to sub-critical crack initiation. This 
phenomenon is plastically assisted, and each time a 
dislocation comes in front of the expanding pore, 
and the induced elastic interaction increases the size 
of the pore till it becomes critical for the fragile 
failure. The prediction of the critical defect size of 
fragile failure can be achieved from 
vM IC /K aV  S  (8) 
By interpolating, from Refs.[12-13], the value 
of stress intensity factor, KIC, is 1.0 MPa·m
1/2. When 
VvM = 100 MPa, which is close to the numerical 
results, Eq.(8) implies that a defect of 30 ȝm is able 
to cause failure in the growth. 
The failure mechanism in the sapphire growth 
by SAPMAC method can be understood as follows: 
smaller bubbles are lengthened through plastic re-
laxation up to the critical size large enough to cause 
cracks under the von Mises stress of about 65 MPa. 
Because the m-planes and a-planes of a sapphire are 
relatively susceptible to stress corrosion induced by 
crack growth[14], cracks are more likely to form at 
critical defects and spread in the m-planes and 
a-planes under applied tensile stresses, as is shown 
in Fig.5(a). 
In order to avoid cracking, it is necessary to 
improve the growth conditions and control its proc-
ess. And in order to lower the thermal stress level as 
much as possible, it is expected to decrease the size 
and density of defects in a crystal, the ambient tem-
perature distribution and the growth rate and to ad-
just the shouldering angle. The experimental results 
are shown in Fig.5(b), which indicates that the ob-
tained grown crystal has better quality and larger 
size to avoid crack formation than that obtained by 
the improved control techniques[15].
5 Conclusions 
A two-dimensional model has been established 
to study the distribution of the thermal stress in 
SAPMAC sapphire crystals. The results show that 
JJ
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the stress field depends on the growth rate, the am-
bient temperature and the crystallized direction. 
High stresses exist near the growth interface, at the 
shouldering location, the tailing location and the 
sites where the diameter changes promptly. Their 
maximum values always occur at the interface of 
the seed and the crystal. In addition, the stress in-
creases up to its maximum when the heat dissipation 
of heat exchanger increases up to its maximum after 
shoulder extending stages.  
Cracks are more likely to form out of critical 
defects and spread in the m-planes and a-planes un-
der applied tensile stresses in sapphire growth. The 
experimental results verify that cracks can be 
avoided by adjusting the ambient temperature dis-
tribution, lowering the growth rate and adjusting the 
shoulder expanding angle. 
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